Biological nutrient removal requires sufficient carbon source. Meanwhile, the removal of organic matter in wastewater requires energy consumption in the aeration tank. Carbon source for nutrient removal in most wastewater treatment plants with conventional primary clarifier (CPC) is generally insufficient in China. In order to increase carbon source and to save energy, a part of the CPC may be retrofitted as an activated primary clarifier (APC). In this paper, a pilot scale experiment was conducted to examine the performance of primary sludge fermentation and its effect on nitrogen and phosphorus removal. Results show that the primary sludge fermentation in APC has produced a similar VFA/TP ratio but a higher BOD 5 /TN ratio compared with those in the CPC effluent, and the TN concentrations in the secondary effluent are at 8.0, 10.8, and 17.4 mg/L, while TP is at 0.45, 1.10, and 2.28 mg/L when the pilot test system was fed with (1) the APC effluent, (2) 50% from the APC effluent and 50% from the CPC effluent, and (3) the CPC effluent, respectively. Results also indicate that the BOD 5 /TN ratio is a more sensitive factor than the VFA/TP ratio for nutrient removal and energy conservation for the APC fermentation.
INTRODUCTION
Improving urban water quality by means of low-cost and fossil-fuel-free ways is critical for the sustainable future (Smith 2009 ). In Beijing, China, water reuse becomes popular as it not only provides water resource, but also reduces wastewater discharge. Therefore, Beijing Water Authority has decided to implement more stringent effluent standards in municipal wastewater treatment plants (WWTPs) to meet the goal for water reuse, i.e. 30 mg/L of COD, 10 mgN/L of TN, 1.5 mgN/L of NH 4 þ -N, 0.3 mgP/L of TP. To meet the new effluent standards, the existing Gaobeidian WWTP with the treatment capacity of 1 million m 3 /d needs to be upgraded to enhance nutrient removal for water reuse. One of the challenges in upgrading the Gaobeidian WWTP is lack of sufficient carbon source in the conventional primary clarifier (CPC) effluent for nutrient removal. To increase carbon source, one option is to abolish the primary clarifiers which now becomes popular in China to solve the issue of carbon source shortage in WWTPs with primary clarifiers. However, abolition of primary clarifiers could also increase total particular biodegradable COD (sbCOD) in aeration tanks, which results in more energy consumption while the increased sbCOD can be used to increase denitrification. To address this issue, an option was proposal to retrofit the existing CPCs to activated primary clarifiers (APCs) instead of abolition of CPCs, i.e. primary sludge fermentation. In APCs, sbCOD can be converted into soluble biodegradable COD (rbCOD) and part of rbCOD can be fermented to volatile fatty acids (VFAs) (Moser-Engeler et al. 1998; Hu et al. 2010) . Primary sludge fermentation has been implemented in many WWTPs in different configurations, e.g., APCs, elutriation sludge thickeners (Munch & Koch 1999; Latimer et al. 2007) . As a simple and low cost fermentation process, APCs hold very promising application (Munch & Koch 1999; Chanona et al. 2006) . However, erratic performance of APC fermentation has often been reported because of the difficulty in controlling sludge retention time (SRT fer ), one of the most important factors in full-scale APCs (Bouzas et al. 2007; Latimer et al. 2007) . Previous studies have focused mostly on the characteristics of carbon source through fermentation (Zeng et al. 2006; Ucisik & Henze 2008) , and there is lack of analysis on controlling the sludge blanket height (SBH) (and thus SRT fer and the feasibility of retrofitting CPCs to APCs) and using primary sludge fermentation to highlight its role in energy conservation. Therefore, to provide information for retrofitting CPCs to APCs to enhance biological nutrient removal and energy conservation in the full scale application for upgrading Gaobeidian WWTP, a pilot scale experimental study was conducted for the following objectives: (1) to examine the feasibility of retrofitting CPCs to APCs by analyzing the SBH requirement for fermentation and implementing its control measure in full-scale APCs; (2) to characterize wastewater generated in a pilot-scale APC for biological nutrient removal using two parameters, i.e. the ratio of biochemical oxygen demand to total nitrogen (BOD 5 /TN) and the ratio of volatile fatty acid to total phosphorus (VFA/TP); and (3) to examine effect of the APC fermentation on nutrient removal and energy conservation by comparing two parallel pilot-scale systems to help in the design and operation of full scale APCs.
MATERIAL AND METHODS

Experimental system setup
Two pilot scale systems A and B were set up as shown in Figure 1 and the system design and operating parameters listed in Table 1 . Both systems are A 2 O (anaerobic/anoxic/ aerobic) process and each system consists of a 14 chamber plug flow reactor and a secondary clarifier. Chambers 8-10 can be switched between anoxic and aerobic zones by ammonia sensor controller. The two systems were connected with an APC or with a full-scale CPC by opening/closing and modulating the valves. The APC is a primary clarifier with a sludge discharge pump, a sludge recirculation pump, a programmable logic controller and a sludge level probe where the primary sludge is fermented at the bottom and then recirculated back into the APC. In this way, the fermentation product is elutriated into the APC effluent. The CPC is one of the full-scale primary clarifiers in Gaobeidian WWTP.
Experimental system operation and monitoring
To study effect of SRT fer and sludge recirculation ratio (SRR) on the performance of the APC, the APC was operated at three SRT fer of 2, 3.5, and 5 d under three SRRs (i.e. 10, 20 and 30% with respect to the APC influent flow rate). To examine effect of the APC fermentation on nutrient removal, J.-W. Wang et al. 9 9 9 9 Retrofitting conventional primary clarifiers to activated primary clarifiers four operating runs were conducted: for runs 1 and 2, the flows for both systems was only from the APC; for run 3, the flow for system A was from both APC (50%) and CPC (50%); for run 4, the flow for system B was from CPC only (see Table 1 ). All analyses were conducted according to standard methods (1998). VFA was analyzed by gas chromatography (Varian CP 3800) using a flame ionization detector.
RESULTS AND DISCUSSION
Feasibility of retrofitting CPCs to APCs and its control measure A linear relationship exists between SRT fer and sludge blanket height (SBH) in APCs. These two parameters can be calculated from Equations (1) and (2), respectively. The SBH should be set as low as possible to reduce suspended solids (SS) in the APC effluent. To analyze the feasibility for retrofitting CPCs to APCs, the required SBH for typical design and operating conditions can be calculated from Equation (2) A sludge level probe was used to monitor SBH. A sludge discharge pump was started for a certain period depending on the SBH level. A solids-liquid interface developed at the top of the sludge blanket (at about 0 m depth) in the APC. The SS concentration in liquid (at about 0-2.8 m depth) was less than 600 mg/L, while the SS concentration in the sludge blanket (at about À2.5-0 m depth) was higher than 5,000 mg/L and increased almost linearly with the increasing depth due to hindered settling. Hence, the average concentration of SS ps in the sludge blanket was calculated using the integral method. In the pilot test, SBH was controlled at À0.1, 0.4, and 0.9 m corresponding to SRT fer at 2, 3.5, and 5 d, respectively (Equation (2)). The value of À0.1 indicates that the SBH was in the sludge hopper.
where: Q in ¼ influent flow rate, m 3 /d V pc ¼ valid volume of primary clarifier, m 3 For all other parameters, please see above
Characteristics of the effluent wastewater from an APC
For a well-designed biological nitrogen and phosphorus removal process, the process performance depends on the BOD 5 /TN ratio and the VFA/TP ratio (Henze et al. 1997) .
The variations of wastewater characteristics in the APC effluent were tested at different SRT fer (2, 3.5, and 5 d) under different SRRs (10%, 20%, and 30%). The BOD 5 /TN ratios and the VFA/TP ratios for all tests are shown in Table  2 . The detailed results for all tests are not presented in this paper, but are similar to other studies (Chanona et al. 2006; Bouzas et al. 2007 ); e.g., VFA and BOD 5 increased with increasing SRR, but were not affected by SRT fer significantly. From Table 2 , it can be seen that the BOD 5 /TN ratio increased with the increase of SRRs, but was not affected significantly by SRT fer ; the VFA/TP ratio was not affected significantly by either SRT fer or SRR.
To evaluate the characteristics of the APC effluent, the APC was operated at a SRT fer of 3.5 d under a SRR of 20% in terms of balance between economics and efficiency. The APC effluent was characterized and the results are shown in Table  3 with characteristics of other flows. From Table 3 , it can be seen that both SS and COD concentrations in the APC and CPC effluent increased. This is because of the return flow from the dewatering system that includes high SS and COD. The concentrations of BOD 5 , COD, VFA, and SS in the APC effluent were 41.3, 30.8, 24.0, and 33.3% higher, respectively, than those in the CPC effluent. This indicates that the increase in BOD 5 and COD did not contribute to the increase in VFA, rather to the increase of SS, which settled very slowly in this study. Vollertsen et al. (1999) found that the slowsettling organic matter is a fast biodegradable substance, unlike in the fast-settling organic fraction. Therefore, the APC effluent is more favorable for denitrification than the CPC effluent. In addition, the dominant fermentation product was acetate (74-85%) followed by propionate in the influent, and the APC/CPC influent and effluent. This is because the produced VFA composition in the different sampling sites varies by a few percentages for the same original sludge (Ucisik & Henze 2008) . However, a slightly higher acetate proportion (85%) in the APC effluent than that in the CPC effluent (74%) indicates that fermentation occurred in the APC. The BOD 5 /TN ratio of (3.8) in the APC effluent is higher than that in the CPC effluent (2.7). The higher BOD 5 / TN ratio would enhance biological nitrogen removal (Grady et al. 1998) . However, the VFA/TP ratio in the APC effluent was 7.4, close to that in the CPC effluent (7.6), even when VFA concentration increased from 40.4 to 50.0 mg/L. Therefore, the main role of APCs is to increase the BOD 5 /TN ratio to enhance nitrogen removal.
Effect of APC fermentation on nutrient removal
Organic carbon produced in the APC increased both biological phosphorus and nitrogen removal (Figure 2a and b) . The average TN and TP concentrations in the secondary effluent for runs 1 and 2 was similar at 8.0 mg/L TN and 0.45 mg/L TP for run 1 and 7.4 mg/L TN and 0.41 mg/L TP for run 2. Runs 3 and 4 were conducted sequentially after runs 1 and 2 were operated for 30 d. Meanwhile, the TN and TP in the secondary effluent for runs 3 and 4 were different at 10.8 mg/L TN and 1.10 mg/L TP for run 3 and 17.4 mg/L TN and 2.28 mg/L TP for run 4; these values are higher than those for runs 1 and 2. Influent nitrate concentration in the anoxic zone for run 1 was about 4.4 mg/L (calculated using the internal recycle, return-activated sludge, and effluent nitrate concentration in the aerobic zone), whereas effluent nitrate concentration in the anoxic zone for run 1 was close to zero (Figure 2c ). Thus, all nitrates returned through internal recycle were denitrified, indicating that the carbon source in the influent of bioreactors was sufficient for denitrification. Furthermore, VFAs were consumed by denitrification, rather than by polyphosphate-accumulating organisms in run 4 due to the high nitrate concentration in the anaerobic zone. Thus, less phosphorus was released in the anaerobic zone and higher PO 4 þ -P concentration existed in the aerobic effluent for run 4 compared with those for runs 1 and 3 (Figure 2d ). Fermentation also increased specific anoxic denitrification rates in the pilot test. This was consistent with previous study (Moser-Engeler et al. 1998) , which indicates that more substrates were available for denitrification (Henze et al. 1987 ). The exact BOD 5 /TN ratio should be determined to aid in saving energy for aeration and to enhance nutrient removal. The proportion of the number of APCs to the number of CPCs could then be determined. For example, the BOD 5 /TN ratio of 3.3 in the influent flow to the bioreactor could achieve effluent total nitrogen of 10 mg/L (assuming that there was a linear relationship between the BOD 5 /TN ratio and nitrogen removal rate, Henze et al. 1997) , if the Gaobeidian WWTP would be upgraded with the pilot treatment process. Therefore, the 14 of all 24 CPCs (58% of CPCs) should be retrofitted to APCs, which would reduce COD concentration in bioreactor inflow by 95 mg/L compared with that in influent, corresponding to the decrease of energy consumption by 28,000 kW Á h/d (Wang et al. 2010 ).
CONCLUSIONS
Retrofitting CPCs into APCs is feasible to enhance biological nutrient removal and also reduce energy consumption in Propionate, % of total VFA production 12 9 11 7
Butyrate, % of total VFA production 9 6 7 4
Valerate, % of total VFA production 5 4 7 4
Notes: 1 Raw influent is from the sewer system; aeration tanks. Analysis indicates that the typical required SBH in APCs is 0.39 m, accounting for only 9% of the side water height in typical primary clarifiers. Results from the APC pilot test show that 1) the primary sludge fermentation produced a similar VFA/TP ratio, but a higher BOD 5 /TN ratio to that in the CPC effluent; 2) that the TN and TP concentrations in the secondary effluent decreased significantly when the BOD 5 /TN ratio of wastewater into bioreactor increased. This indicates that the BOD 5 /TN ratio is a more sensitive parameter for biological nutrient removal than the VFA/TP ratio; 3) retrofitting part of CPCs to APCs can supplement carbon source to enhance nutrient removal and also reduce aeration energy compared to the option of abolishing CPC. Therefore, the APC is a promising option for upgrading Gaobeidian WWTP in Beijing compared to the option of CPC abolishment. APCs also can be an option for many other WWTPs with primary clarifiers in China for upgrading to enhance nutrient removal.
